Longitudinal relaxation of brain water 1 H magnetization in mammalian brain in vivo is typically analyzed on a per-voxel basis using a monoexponential model, thereby assigning a single relaxation time constant to all 1 H magnetization within a given voxel. This approach was tested by obtaining inversion recovery (IR) data from gray matter of rats at 64 exponentially spaced recovery times. Using Bayesian probability for model selection, brain water data were best represented by a biexponential function characterized by fast and slow relaxation components. At 4.7T, the amplitude fraction of the rapidly relaxing component is 3.4% ؎ 0.7% with a rate constant of 44 ؎ 12 s -1 (mean ؎ SD; 174 voxels from four rats). The rate constant of the slow relaxing component is 0.66 ؎ 0. Longitudinal relaxation rate constant (R 1 ϭ 1/T 1 ) measurements of tissue water are key to a variety of MR methods, including dynamic contrast-enhanced techniques (1) and assessment of multiple sclerosis patients for damage to normal-appearing white matter (2). Data from such measurements in brain are typically modeled as a monoexponential magnetization recovery, assuming that the longitudinal relaxation of all water can be represented by a single R 1 . However, in vivo voxel resolution is coarse on the scale of tissue microstructure and water exists in a variety of magnetic environments ("compartments") within a single in vivo voxel. Each compartment potentially provides a unique relaxation environment for water. Consistent with this concept, a variety of tissues display multiexponential T 2 relaxation and each exponential component can be assigned to a unique anatomical compartment (3,4). Further, multiple R 1 components have been described for peripheral nerve (4,5), though not for brain gray matter.
Longitudinal relaxation rate constant (R 1 ϭ 1/T 1 ) measurements of tissue water are key to a variety of MR methods, including dynamic contrast-enhanced techniques (1) and assessment of multiple sclerosis patients for damage to normal-appearing white matter (2) . Data from such measurements in brain are typically modeled as a monoexponential magnetization recovery, assuming that the longitudinal relaxation of all water can be represented by a single R 1 . However, in vivo voxel resolution is coarse on the scale of tissue microstructure and water exists in a variety of magnetic environments ("compartments") within a single in vivo voxel. Each compartment potentially provides a unique relaxation environment for water. Consistent with this concept, a variety of tissues display multiexponential T 2 relaxation and each exponential component can be assigned to a unique anatomical compartment (3, 4) . Further, multiple R 1 components have been described for peripheral nerve (4, 5) , though not for brain gray matter.
Non-monoexponential in vivo relaxation data are generally analyzed by one of two methods. The first method models relaxation data as the sum of a small number of discrete exponential functions, with each exponential component having a unique amplitude and R 1 . In this case, the implicit biophysical picture is that water within a given voxel can be approximated as residing in a few separate magnetic environments that are not in fast exchange. In the limit of slow exchange this would enable measurement of compartment-specific R 1 values. The second method models relaxation data with a continuous distribution of exponential functions. Here the implicit biophysical picture is that water within a given voxel should be approximated as residing in a large number of separate magnetic environments that are not in fast exchange (6, 7) .
Taking advantage of high-field magnets equipped with high-performance gradients, the study reported herein was done using highly time-resolved inversion recovery (IR) spin-echo echo-planar imaging (SEPI) to acquire data sets with 64 to 128 exponentially spaced inversion time (TI) values. Bayesian probability theory (8, 9) was employed to select among models composed of sums of from one to four exponentials. The relaxation data were best characterized by biexponential recovery for essentially all in vivo rat brain voxels.
Aside from pulse sequence and scanner-induced artifacts, four mechanisms were considered to explain this non-monoexponential IR relaxation behavior: blood flow, radiation damping, multiple nonexchanging magnetic environments ("compartments"), and a special case of multiple compartments-magnetization transfer (MT). The source of biexponential longitudinal relaxation behavior was the MT phenomenon. It was possible to image MT via measurement of longitudinal relaxation without application of an off-resonance pulse as normally used to generate MT image contrast. These results bear directly on the quantitative analysis of longitudinal relaxation-based MRI methods.
MT can occur either by direct chemical exchange or by indirect dipole-mediated cross-relaxation. Both mechanisms are described by an analogous set of coupled differential equations (10) . A concise summary of the relevant mathematical formalism describing two-site MT is provided in the Appendix. For convenience, the equations and terminology for chemical exchange are employed. It follows from this mathematical analysis that the observed two-site time-dependent magnetization, either with or without off-resonance radiofrequency (RF) saturation of the nonaqueous 1 H, is appropriately modeled as a monoexponential plus a constant or a biexponential plus a constant, respectively. Throughout this manuscript, the presence of the constant will be assumed and the signal model will be described simply as the number of exponentials (i.e., monoexponential or biexponential).
MATERIALS AND METHODS

Phantom Preparation for Control MR Analysis
Cross-linked 15% bovine serum albumin (BSA) was prepared as described previously (11) . Briefly, a 30% "essentially fatty acid free" BSA solution (Sigma Aldrich, St. Louis, MO, USA) was diluted to 15% using phosphatebuffered saline (PBS, pH 7.4) and placed on ice for 10 min. Then, 25 l/ml of an ice-cold 50% glutaraldehyde solution (Electron Microscopy Sciences, Hatfield, PA, USA) were added to the BSA solution. This solution was mixed, left on ice for 30 min, and then kept at room temperature for an additional 2 h before being stored at 4°C.
Tissue Preparation for Ex Vivo MR Analysis
A rat (N ϭ 1) was perfused through the left cardiac ventricle with ice-cold PBS (pH 7.4) followed by 4% paraformaldehyde in PBS (pH 7.4). The brain was dissected prior to overnight immersion in 4% paraformaldehyde and then transferred to PBS for storage at 4°C.
Animal Preparation for In Vivo MR Analysis
All experimental procedures were performed in accordance with NIH guidelines and Washington University Institutional Animal Care and Use Committee regulations. Male Sprague-Dawley rats weighing 329 Ϯ 36 g (mean Ϯ standard deviation [SD]) were anesthetized with isoflurane (3% in O 2 ) followed by intraperitoneal injection of a 10% urethane solution (0.6 ml per 100 g body weight). Identical injections of the same solution were administered 5 and 30 min after the initial injection for a total anesthetic dose of 1.8 g/kg.
An MR-compliant head holder consisting of ear bars and a nose cone/bite bar was used to minimize animal motion. Heart rate and arterial oxygenation were monitored with a pulse oximeter and a fiber-optic sensor (Nonin Medical, Plymouth, MN, USA) attached to a hind paw. Blood oxygenation levels were maintained by supplying 100% O 2 gas through the nose cone. Body core temperature was monitored rectally with a fiber-optic temperature probe (FISO, Québec, Canada) and maintained at 37°C Ϯ 1°C using circulating warm water. To assess the influence of blood flow in the R 1 measurement, one rat was killed in the magnet by administration of 1 mL of 2 M KCl via a tail vein catheter.
Scanner and Pulse Sequence Attributes for In Vivo MR Analysis
Imaging and spectroscopy experiments employed one of two MR systems. The first is built around an Oxford Instruments (Oxford, UK) 4.7 T magnet (40-cm diameter, clear bore) equipped with 10-cm inner diameter, actively shielded Magnex Scientific (Oxford, UK) gradient coils capable of producing magnetic field gradients up to 60 G/cm. The second is built around a Magnex Scientific 11.7 T magnet (26-cm diameter, clear bore) equipped with 8-cm inner diameter, actively shielded Magnex Scientific gradient coils capable of producing magnetic field gradients up to 120 G/cm. Varian (Palo Alto, CA, USA) UNITY INOVA consoles control both magnet/gradient systems. Data were collected at 4.7T using a 3.8-cm inner diameter Litzcage coil (Doty Scientific, Columbia, SC, USA) or either a 1.5-or 2.5-cm inner diameter birdcage coil (Stark Contrast, Erlanger, Germany). Data were collected at 11.7T using a 4-cm inner diameter birdcage coil (Stark Contrast). Multislice gradient-echo data were collected to identify the transverse slice used for subsequent SEPI data collection. Once a slice was identified, manual shimming was performed on the slice using a localization by adiabatic refocusing (LASER) pulse sequence (12) .
The SEPI acquisition parameters, unless otherwise noted, were: repetition time (TR) ϳ5/R 1 Ϫ (vide infra), spinecho time (TE) ϭ 56 ms (4.7T) or 34 ms (11.7T), bandwidth ϭ 100 kHz (4.7T) or 400 kHz (11.7T), one signal average to collect all k-space lines for an image, slice thickness ϭ 2 mm, field of view ϭ 4 ϫ 4 cm, and data matrix ϭ 64 ϫ 64. Two separate pulse sequences were used to collect IR data. In the first, standard IR data, using 64 exponentially spaced TI values from 4 ms to 6 s, were collected using a SEPI sequence that was preceded by a nonselective square inversion RF pulse (to minimize blood inflow effects). Crusher gradients (1 ms) were applied on all three axes during TI to suppress any residual transverse magnetization arising from an imperfect inversion pulse. In the second sequence, off-resonance saturation, using square RF pulses, was incorporated into the IR pulse sequence (MT-IR) during the preacquisition and TI delays. The off-resonance RF was applied at ϩ20 kHz with respect to water (0 Hz) with an average bandwidth of approximately 680 Hz, as determined from the length of time required by a square RF pulse at the same power amplifier output to invert the equilibrium magnetization (13) . The time constant (T ss ) characterizing the time evolution of bulk water magnetization to a partially saturated steady state in the presence of off-resonance RF irradiation was determined by a SEPI pulse sequence that was preceded by a varying-length MT pulse (16 exponentially spaced MT pulse lengths from 0.1 to 10 s applied at ϩ20 kHz).
The image with the longest TI value from each sequence was used as the anatomic reference image.
MR Data Analysis
Absorption mode images were calculated using one zeroorder and two first-order phase parameters estimated using Bayesian probability theory (14) . All images were thresholded so that any voxel in the anatomic reference image with signal less than five times the estimated noise SD was set to zero. Bayesian probability theory and Markov chain Monte Carlo integration were used for exponential model selection and parameter estimation (8,9) on a per-voxel basis. The signal model for each voxel in either an IR or IR-MT data set was selected from the following family of models: 1) no signal, 2) a constant offset, and 3) from one to four exponentials (either with or without a constant). The posterior probability for each model was determined and the most probable model selected. Similarly, the mean and SD values of each parameter defining the selected model (e.g., component rate constants and amplitudes) were taken as the optimal parameter estimate.
For biexponential analysis, IR data were modeled as the sum of two exponentials plus a constant:
where X and Y are the amplitudes of the two exponentials, R 1 Ϫ is the smaller exponential rate constant, R 1 ϩ is the larger exponential rate constant, and C is a constant that represents the thermal equilibrium longitudinal magnetization at TI ϭ ϱ. The amplitude fraction of the fast relaxing component (f ϩ ) was defined as Y/(X ϩ Y), and the corresponding amplitude fraction of the slow relaxing component (f Ϫ ) was defined as X/(X ϩ Y), which is equivalent to 1 Ϫ f ϩ . Bayesian model selection maps, which display the most appropriate model for each voxel, were thresholded by setting voxels modeled as monoexponential to gray, voxels modeled as biexponential to white, and all other voxels to black.
Data acquired by a SEPI sequence preceded by a varyinglength MT pulse were modeled with a monoexponential function (13) , and a region of interest (ROI) from the brain was used to estimate T ss . The prepulse in the MT-IR sequence was set to approximately 10 ϫ T ss to ensure a steady-state saturation level was achieved.
RESULTS
Model Selection and Parameter Estimation
Representative in vivo single-voxel IR data from rat brain are shown in Fig. 1 . In this example, 128 exponentially spaced TI values were used to sample the IR time course. The inset shows the residuals when the data are modeled with either a monoexponential or a biexponential function. Since the noise in a pure absorption mode image is uncorrelated with a zero mean Gaussian distribution, the residuals are expected to fluctuate around zero. The systematic trend evident in the residuals when the data are modeled with a monoexponential function indicates that the model does not fit the data to the noise level. The residuals for a biexponential model are randomly distributed around zero, which is qualitative evidence that the data are better modeled-indeed, modeled to the noise level-with a biexponential function. Omniscan™ is best modeled as a monoexponential, and the rat brain has a ubiquitous distribution of biexponential voxels. Examination of other rats and an in vivo LASER localized voxel (2 ϫ 2 ϫ 2 mm) in the striatum showed this to be a consistent finding. Relaxation models consisting of sums of three or four exponential components had near zero probability for all voxels and are not considered further.
In vivo IR data (64 exponentially spaced TI times, data matrix ϭ 64 ϫ 64) were acquired from four different rats at 4.7 T and 11.7 T, and modeled with a biexponential function. Using voxels from the striatum, the biexponential decay rate constants (R 1 ϩ and R 1 Ϫ ) and amplitude fraction f ϩ were estimated and are summarized in Table 1 .
Testing the Putative Origins for the Observed Biexponential Longitudinal Relaxation
Pulse Sequence or Scanner Artifacts
Using the pulse sequences described herein, monoexponential-not biexponential-relaxation was observed in dilute aqueous solutions that served as phantoms. Further, maps of the biexponential component amplitudes delineate known anatomy. To illustrate this, a higher-spatialresolution IR data set (N ϭ 1; data matrix ϭ 128 ϫ 128) was collected at 11.7T and modeled with a biexponential function. The f ϩ parametric map (Fig. 3) clearly displays white matter structures (corpus callosum and external capsule) with a larger amplitude fraction (9.4% Ϯ 1.6%) than gray matter (6.8% Ϯ 0.8%).
Blood Flow Artifacts
A nonselective inversion pulse was used to minimize artifacts from blood flowing through the imaging slice (15) . Nevertheless, f ϩ is in the range typical for mammalian intravascular volume (16) , suggesting that inflow of blood may be responsible for the rapid relaxation component. To test for this artifact, in vivo IR data at 4.7T were collected (N ϭ 1) before and immediately following an intravascular KCl injection (i.e., zero blood flow). Striatal voxels were biexponential both with blood flow (f ϩ ϭ 3.7 Ϯ 0.8 %, R 1 ϩ ϭ 37 Ϯ 13 s -1 , and R 1 Ϫ ϭ 0.69 Ϯ 0.06 s -1 ) and without flow (f ϩ ϭ 4.6 Ϯ 0.8 %, R 1 ϩ ϭ 27 Ϯ 9 s -1 , and R 1 Ϫ ϭ 0.64 Ϯ 0.05 s -1 ). Blood, whether flowing or stationary, may have a paramagnetic contribution from the iron centers in hemoglobin. Therefore, an ex vivo paraformaldehyde perfusionfixed (bloodless) room-temperature rat brain (N ϭ 1) was imaged at 4.7T. The anatomic reference image is shown in Fig. 4a , and the Bayesian model selection map is shown in Fig. 4b . As expected, relaxation data from the PBS buffer surrounding the excised brain are best modeled with a monoexponential function. However, relaxation data from 
Radiation Damping Artifacts
Coupling between the transverse magnetization and RF coil can cause radiation damping (17, 18) , resulting in biexponential longitudinal relaxation. The radiation damping rate constant is proportional to the bulk magnetization and coil filling factor. To test for this artifact, relaxation data were collected at 4.7 T (N ϭ 1) and 11.7 T (N ϭ 1) using experimental parameters identical to those used for in vivo imaging on a large 0.1-mM Omniscan™ phantom, which provided a larger bulk magnetization and coil filling factor than a rat. Voxels from the phantom were best modeled with a monoexponential-not a biexponential-function (data not shown).
Two Nonexchanging Compartments
The amplitude fraction of the rapidly relaxing component for nonexchanging or slowly exchanging systems should increase as TR is reduced, a result of progressive saturation of the slowly relaxing component (19) . To test for this situation, in vivo relaxation data sets were collected at 4.7 T (N ϭ 1) and 11.7 T (N ϭ 1) using two different TR values. A long TR value (8 s at 4.7T or 11 s at 11.7T), which allowed full longitudinal recovery, and a short, partially saturating TR value (0.5 s) were used at both field strengths. The data acquired with a TR of 0.5 s were obtained with eight signal averages, preceded by eight pulses to reach steady state. TR values of 8 s and 0.5 s were used at 4.7 T. The data from striatal voxels using a TR of 8 s were best modeled as biexponential relaxation where f ϩ ϭ 3.7% Ϯ 0.6%. The TR ϭ 0.5 s data were best modeled as slow monoexponential relaxation, i.e., f ϩ ϭ 0. To confirm the decrease in f ϩ at short TR, higher signal-to-noise relaxation data were obtained at 11.7 T (N ϭ 1). Comparing data with TR of 11 s and 0.5 s, relaxation was best modeled as biexponential and f ϩ decreased from 8% Ϯ 2% to 2.6% Ϯ 0.7%, respectively.
MT
MT from either chemical exchange or dipole-mediated cross-relaxation can cause non-monoexponential relaxation. Cross-linked BSA phantoms are known to exhibit MT effects (11, 20) . Data were collected at 4.7 T on a 0.1-mM Omniscan™ phantom and a cross-linked 15% BSA phantom. Figure 5a shows the Bayesian model selection map for samples of 0.1-mM Omniscan™ (upper left) and cross-linked 15% BSA (bottom right) using the IR pulse sequence (absence of off-resonance RF irradiation). Figure 5b shows the corresponding Bayesian model selection map using an MT-IR pulse sequence (presence of off-resonance RF irradiation). Data from the Omniscan™ phantom are best modeled with a monoexponential function in both cases (IR: 0.835 Ϯ 0.003 s -1 , MT-IR: 0.830 Ϯ 0.003 s -1 ). As expected, data collected from the crosslinked 15% BSA phantom are best modeled with a biexponential function in the absence of the MT pulse (f ϩ ϭ 7.3% Ϯ 0.5%, R 1 ϩ ϭ 41 Ϯ 5 s -1 , and R 1 Ϫ ϭ 0.758 Ϯ 0.007 s -1 ) and a monoexponential function in the presence of the MT pulse (R 1 ϭ 3.22 Ϯ 0.07 s -1 ).
In a separate experiment, IR data at long and short TR were also collected on the cross-linked 15% BSA phantom at 4.7T. When the TR is reduced from 8 s to 0.5 s, f ϩ decreased from 7.8% Ϯ 0.1% to 4.1% Ϯ 0.1%.
The MT-IR sequence was applied to in vivo rat brain (N ϭ 4) . A representative Bayesian model selection parametric map is shown in Fig. 6a . These data are from the same rat shown in Fig. 2 . There is a marked reduction in the number of voxels best modeled by a biexponential function (white voxels) between Fig. 2b and Fig. 6a . Monoexponential rate constant (R 1 ) maps are shown for both the MT-IR data (Fig. 6b ) and IR data (Fig. 6c) . In both cases, the data are fit to monoexponential functions, though the IR data from brain shown in panel c are actually best fit by a biexponential function. Note that in the presence of an off-resonance RF saturation pulse, there is a difference in R 1 values between brain and muscle (Fig. 6b ) that is not apparent in the absence of the off-resonance pulse (Fig.  6c) . The brain R 1 is increased (IR modeled with a monoexponential function: 0.68 Ϯ 0.4 s -1 , MT-IR: 1.4 Ϯ 0.1 s -1 ) when off-resonance saturation is applied ( Table 1 ). The off-resonance pulse had no effect on the Omniscan™ R 1 value (data not shown), and these data were best modeled with a monoexponential function both with and without the off-resonance pulse.
DISCUSSION
Due to experimental time constraints, longitudinal relaxation rate constants in vivo are often determined using a small number of TI values. Faster image acquisition methods, such as EPI, make it possible to collect 64 exponentially spaced TI values in an experimentally acceptable time (about 10 min). At both high signal-to-noise ratio and TI resolution, in vivo rat brain IR relaxation data can be modeled into the noise with a biexponential function, but not with a monoexponential function. Five possible etiol- ogies for this biexponential behavior were evaluated: imperfections in pulse sequence and/or scanner performance, blood flow, radiation damping, the presence of two nonexchanging water compartments with different longitudinal relaxation rate constants, and MT.
Artifacts due to pulse sequence or scanner performance shortcomings were ruled out by the absence of biexponential relaxation in homogeneous aqueous phantoms and by the clear definition of known anatomical structure in maps of, for example, f ϩ , in experiments with rat brain in vivo. Data collection was designed to minimize effects from flowing blood by using a non-slice-selective inversion pulse (15) . Nevertheless, artifacts due to blood flow effects were conclusively ruled out. Biexponential relaxation, similar in character to that observed in vivo, was observed with rat brain in situ immediately following sacrifice when there was no blood flow, and with paraformaldehyde perfusion-fixed rat brain ex vivo when there was neither blood nor flow. Further, the contrast in a map of f ϩ (Fig. 3 ) would be reversed if f ϩ was dependent on blood volume, because gray matter has approximately twice the intravascular volume of white matter (21) . Radiation damping, which typically requires high Q coils and high field strengths, is well known to cause artifacts in high-resolution solution-state NMR (22, 23) and can cause biexponential longitudinal relaxation (24) . In the presence of a receiver coil with Q depressed by a conducting sample such as tissue, radiation damping is unlikely, though there is evidence that it complicates MR blood flow measurements (25) . Artifacts due to radiation damping were ruled out by experiments with homogeneous aqueous phantoms where purely monoexponential relaxation was observed.
The possibility of two nonexchanging compartments with different longitudinal relaxation rates was examined by performing the IR-SEPI experiment at long and short TR. For two nonexchanging or slowly exchanging compartments, reducing TR should increase f ϩ (19) . Relaxation experiments in vivo showed that f ϩ decreased with shortened TR, indicating a more complex relationship between the two exponential relaxation components, which is consistent with previous results (26) and will be discussed below. The final mechanism considered as a source of the observed biexponential relaxation was MT. In its simplest form (Appendix), MT analysis assumes that tissue 1 H content is composed of two components: nonaqueous 1 H and bulk water 1 H. In the presence of an off-resonance RF pulse, magnetic coupling between these two components, either by cross-relaxation or chemical exchange, allows the nonaqueous component to indirectly affect the bulk water component. Therefore, MT images reflect characteristics of the nonaqueous component.
Assuming the biexponential IR relaxation component with the larger rate constant (R ϩ ) predominantly reflects the rapid exchange (transfer) of near-thermal-equilibrium magnetization from the minimally perturbed nonaqueous 1 H pool into the bulk water pool of inverted 1 H magnetization, white matter would be expected to have a larger f ϩ , as seen in Fig. 3 , because white matter has a larger MT effect than gray matter (27) . However, recall from the Appendix that the amplitude fractions f ϩ and f Ϫ estimated from the biexponential model (Eq. [1] ) are complex functions that depend not only on the true populations and field-dependent intrinsic relaxation rate constants of the two 1 H pools, but also on the kinetic rate constants governing exchange between the two pools. Thus, while f ϩ and f Ϫ are accurately the biexponential component amplitude fractions, they are only apparent pool size fractions.
It was noted previously that decreasing TR reduces f 
where
represents the longitudinal magnetization deviation from thermal equilibrium for bulk water 1 H (compartment A) or nonaqueous 1 H (compartment B). None of the parameters in Eq. [2] can have negative values, and R ϩ Ͼ R 1 Ϫ by definition. Therefore, the slope of f ϩ vs. ⌬M B is negative at all TR values. This has important consequences.
In the idealized limit where the IR sequence is completely selective for bulk water 1 H magnetization (the A site), ⌬M B ϭ 0 and f ϩ is a maximum. In practice, the broad nonaqueous 1 H resonance is minimally affected by a lowbandwidth RF inversion pulse and long TR. Thus, ⌬M B is close to zero, and f ϩ is near maximal. The situation changes as TR becomes shorter. Recall, the long motional correlation times characterizing the nonaqueous matrix (minimal spectral density at 0 ) result in a small intrinsic R 1 for the nonaqueous 1 H pool. Thus, a series of IR sequence repetitions separated by a short TR can significantly reduce the nonaqueous 1 H longitudinal magnetization. This reduces M B o and increases ⌬M B , which leads to a decrease in f ϩ as observed experimentally herein. This effect is exacerbated by modulating ⌬M A . A long TR value and effective inversion of the narrow 1 H resonance of the bulk water pool maximize ⌬M A , resulting in a limiting slope and minimal dependence of f ϩ on changes in ⌬M B . As TR is shortened and pulse sequence repetitions become more closely spaced, the 1 H longitudinal magnetization of the bulk water pool is reduced (partially saturated), quickly reaching a steady-state level. Subsequent inversion of this steady-state magnetization yields a decreased ⌬M A (from a reduced M A o ), which increases the sensitivity of f ϩ to ⌬M B . The observed relaxation behavior in the presence of off-resonance RF saturation provides further evidence for MT as the source of the biexponential relaxation. As shown in the Appendix, biexponential relaxation will become monoexponential with saturation of the macromolecular longitudinal 1 H magnetization. This can be accomplished with off-resonance RF irradiation. Assuming complete saturation of the nonaqueous longitudinal 1 H magnetization (pool B) and no direct saturation of bulk water 1 H magnetization (pool A), the rate constant describing the now monoexponential relaxation (R 1 ) is predicted to be greater than that found for the "slow" biexponential component (R 1 Ϫ ) in the absence of saturating irradiation (28) . This was, indeed, observed with rat brain in vivo at 4.7 T where R 1 ϭ 1.4 Ϯ 0.1 and R 1 Ϫ ϭ 0.66 Ϯ 0.04. Cross-linked BSA phantoms are known to exhibit MT effects (11, 20) and, thus, provide a positive control. Consistent with expectations, the cross-linked BSA phantom relaxation was biexponential in the absence of off-resonance RF irradiation and monoexponential in the presence of off-resonance RF irradiation. Further, as predicted, the rate constant describing the monoexponential relaxation (R 1 ϭ 3.22 Ϯ 0.07 s -1 ) was greater than that found for the slowly relaxing biexponential component in the absence of off-resonance RF irradiation (R 1 Ϫ ϭ 0.758 Ϯ 0.007 s -1 ). It is worth emphasizing that even though R 1 is reproducible under a given set of experimental conditions, it is not a particularly quantitative parameter. This is because the MT effect in the presence of off-resonance RF irradiation is a complex combination of pulse sequence and relaxation parameters (13, 29) .
Efforts have been made in previous MR studies to correlate relaxation rate constant changes with pathology (30, 31) . Unfortunately, relaxation rate constants were of limited clinical diagnostic utility (32) . It is likely that by sampling only a limited number of TI values, previous studies only provided an estimate of the bulk water pool relaxation (i.e., R 1 Ϫ ). Consistent with this expectation, the parameter estimates reported in Table 1 for R 1 Ϫ at both 4.7 T and 11.7 T field strengths are similar to previous reports of longitudinal relaxation data modeled as monoexponential (33, 34) . The data presented here suggest that R 1 ϩ and f ϩ are more intimately associated with the nonaqueous matrix and would, therefore, possibly be a better diagnostic metric of pathology and treatment response. A benefit of pursuing IR methods and avoiding MT pulses would be a reduction in RF power deposition and concomitant tissue heating (35) when compared to conventional MT methods. It is tempting to speculate on the identity of the two components resolved in these high-temporal-resolution IR-SEPI experiments based on previously published accounts of multiple relaxation components in tissue systems. For example, central nervous system (CNS) tissue water in vivo shows biexponential transverse relaxation (36) . Likewise, CNS white matter and muscle tissue ex vivo (rat cardiac muscle, rat striated muscle, and bovine white matter) exhibit two primary, correlated relaxation components at 1.5T with unique T 1 and T 2 values (37). However, similar in vivo T 1 -T 2 correlation experiments at 4.7T demonstrate three unique T 1 and T 2 values for the trigeminal nerve, but only a single T 1 and T 2 value for the cortex, caudoputamen, and corpus callosum (4). Here it is important to recall that magnetization exchange modulates both apparent relaxation rate constants and component amplitudes (38) . This precludes quantitative comparison between data collected at 1.5T and 4.7T because the MR exchange-timescales may differ. (Recall that the MR exchange timescale is a function of the true kinetic and relaxation rate constants, the latter being a function of the spectral density available at the resonance frequency, which is different at 1.5 vs. 4.7T.) Nevertheless, we note that previously reported tissue multicomponent longitudinal relaxation yields apparent T 1 values that are different, but only by a factor of 2, whether evaluated at 1.5T or 4.7T. This is in marked contrast with the results presented here (Table 1) , for which the two T 1 values differ by a factor of approximately 50. Therefore, it is difficult to identify the two longitudinal relaxation components described herein with those reported by others.
CONCLUSIONS
We have shown that in vivo rat brain IR data are best modeled as biexponential. To our knowledge, this is the first report of directly observed biexponential longitudinal relaxation in brain gray matter. The biophysical origin of this relaxation behavior is MT between bulk water and nonaqueous 1 H pools. These effects should be taken into account for MR methods that require highly accurate measurements of brain water 1 H longitudinal relaxation. Findings herein suggest that it is possible to directly image in vivo MT. This approach could potentially be used to diagnose and monitor treatment for diseases that involve macromolecular reorganization and associated changes in MT.
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APPENDIX
MT can occur either by direct chemical exchange or by indirect dipole-mediated cross-relaxation. Both mechanisms are described by an analogous set of coupled differ-ential equations (10) . For convenience, the equations and terminology for chemical exchange are employed herein.
The Bloch equations for longitudinal magnetization as modified for two-site MT via chemical exchange by McConnell (39) where M A (t) and M B (t) are the time-dependent signal intensities, and M A 0 and M B 0 are the initial intensities immediately following a perturbation. Typically, the "A" 1 Hmagnetization pool is assigned to bulk water and the "B" 1 H-magnetization pool is assigned to the nonaqueous matrix (13) , which has a short T 2 (ϳ10 s) and is thus invisible by normal solution-state MRI techniques. Therefore, even though the two pools or compartments have arguably the same chemical shift, the total observed 1 H signal is M A (t), and the actual observed time-dependent signal intensity is functionally biexponential (Eq. [A-2a] ).
When the nonaqueous 1 H magnetization of compartment B is selectively and completely saturated with an off-resonance RF pulse, the observed time-dependent 1 where M ss ϱ is the steady-state equilibrium 1 H longitudinal magnetization of compartment A following complete saturation of compartment B via off-resonance RF irradiation, and M ss 0 is the initial pool A 1 H longitudinal magnetization following perturbation of M ss ϱ . It follows from the above that the observed time-dependent magnetization in the presence of two-site magnetization exchange, both with and without saturation of one of the pools via off-resonance RF irradiation (Eqs. [A-2a] and [A-6]), is expected to be modeled as the sum of a constant plus either one or two exponentials, respectively.
